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Edited by Lev KisselevAbstract Thrombospondin-1 (TSP1) expression has previously
been shown to be regulated primarily at the level of transcription.
In the present study, transcriptional control was not involved in
the induction of TSP1 by heat shock. In contrast, heat shock
caused signiﬁcant stabilization of TSP1 mRNA. Fusion of the
3 0-untranslated region (UTR) of TSP1 mRNA, with a reporter
gene, increased the stability of the reporter transcript by heat
shock. Furthermore, we identiﬁed a putative region from 968
to 1258 from the stop codon in the TSP1 3 0-UTR, involved in
the stability by heat shock. Thus, the induction of TSP1 by heat
shock may occur through a post-transcriptional mechanism.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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AU-rich element1. Introduction
Thrombospondin-1 (TSP1), a natural inhibitor of angiogen-
esis, has a potent eﬀect on tumor growth with the ability to
inhibit angiogenesis [1,2]. The anti-angiogenic eﬀect of TSP1
is mediated through inhibition of vascular endothelial cell
adhesion and migration [2]. Until recently, most studies have
reported that various extracellular stimuli alter TSP1 gene
expression at the level of transcription [1–3]. In addition to
transcriptional control, an epigenetic event such as hyper-
methylation of promoter CpG islands was also reported to
be associated with inactivation of TSP1 expression in certain
tumors [4,5].
Recent studies have implied that post-transcriptional mech-
anisms such as mRNA stability may play a role in the control
of TSP1 gene expression [6,7]. For example, the half-life of
TSP1 mRNA was markedly elongated in TGF-b1-treated
human osteosarcoma MG63 cells without aﬀecting TSP1 pro-
moter activity [6]. In addition, the downregulation of TSP1
expression in oncogene c-myc-transformed Rat-1A ﬁbroblasts
was largely due to stimulating mRNA degradation although
Myc appeared to bind with low aﬃnity to the E box-like ele-
ment in the TSP1 promoter [7]. These observations suggest
that transcriptional regulation may not be the only fundamen-
tal mechanism involved in control of TSP1 gene expression.*Corresponding author. Fax: +82 2 596 4435.
E-mail address: kjhong@catholic.ac.kr (K.-J. Hong).
0014-5793/$32.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.12.065Herein, we investigated whether the eﬀect of heat shock on
TSP1 gene expression was mediated by a transcriptional or
post-transcriptional mechanism.2. Materials and methods
2.1. Cell culture and heat shock treatment
HeLa (ATCC CCL-2) and NIH3T3 (ATCC CRL-1658) cells were
grown in Dulbecco’s modiﬁed Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) with pen-
icillin (100 U/mL) and streptomycin (100 U/mL) in a humidiﬁed 5%
CO2 atmosphere at 37 C. For heat shock treatment, cells at 80% con-
ﬂuence were heat-shocked in an incubator pre-set at 42 C for 30 min
and immediately transferred to a 37 C incubator. The heat shock
treatment at 42 C for 30 min was applied to all experiments performed
in this study since a temperature above 43 C enhances stress-induced
cell death [8].
2.2. Western blot analysis
The preparation of cell extracts and Western blot analysis were per-
formed as previously described [3]. The antibodies used in this study
were monoclonal antibodies against mouse TSP1 and HSP70 (Neo-
marker, Freemont, CA, USA), and a polyclonal antibody against rab-
bit tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
2.3. Northern blot analysis
Total RNA was isolated using STAT-60 reagent (Tel-Test B, Friend-
wood, TX, USA) according to the manufacturer’s instructions. 10 lg
of total RNA was separated on a 1% agarose formaldehyde gel and
transferred to a Hybond nylon membrane (Amersham-Pharmacia Bio-
tech, Piscataway, NJ, USA). Cross-linking was performed using UV
irradiation with a UV crosslinker (Stratagene, La Jolla, CA, USA).
The membrane was hybridized in ULTRAhyb buﬀer (Ambion, Austin,
TX, USA) overnight at 55 C with digoxigenin-11-dUTP (Roche Ap-
plied Science, Mannheim, Germany) labeled TSP-1 or green ﬂuores-
cent protein (GFP) cDNA probe. The membrane was then washed
twice for 15 min in 2· SSC, 0.1% SDS at room temperature and ﬁnally,
twice for 15 min in 0.1% SSC, 0.1% SDS at 60 C. After washing, the
blot was incubated with an anti-digoxigenin-alkaline phosphatase con-
jugate (Roche Applied Science) and visualized with CPD-Star (Roche
Applied Science) as recommended by the manufacturer. The probes
used to detect TSP1 and GFP mRNAs corresponded to the 1.2-kb long
coding region of human TSP1 cDNA (a fragment extending from 147
to 1347) and a 680-bp fragment spanning from 54 to 734 of the
pEGFP-C1 plasmid (Clontech, Palo Alto, CA, USA). In all experi-
ments, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 28S
and 18S rRNAs was used for normalization.
2.4. Nuclear run-oﬀ assay
The nuclear run-oﬀ assay was performed as previously described [7].
Brieﬂy, nuclei (2 · 107) from HeLa cells, incubated at normal culture
conditions for 3 h following heat shock treatment, were isolated and
incubated with reaction buﬀer containing 5 mM dithiothreitol
(DTT), 1 mM each of ATP, GTP, CTP, 100 lCi of [a-32P]-UTPblished by Elsevier B.V. All rights reserved.
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ﬁed 32P-labeled RNA was denatured and hybridized to dot blots each
containing 2 lg of complete TSP-1, GAPDH, HSP70 cDNAs, and
pBlueScript vector immobilized onto a Hybond nylon membrane
(Amersham-Pharmacia Biotech Ltd.). After hybridization and exten-
sive washing, the membranes were subject to autoradiography. Blots
containing GAPDH cDNA were used to normalize the eﬃciency of
the nuclear run-oﬀ reactions.
2.5. Serial-deletion constructs of TSP1 promoter and luciferase assays
The methods and primers for generating serial-deletion fragments of
the human TSP1 promoter were as previously described [3]. For lucif-
erase activity analysis, HeLa cells at 70% conﬂuency were transiently
co-transfected with each promoter-luciferase construct (1 lg) and
b-galactosidase expressing plasmid (0.1 lg, pCMV-b-gal) using Lipo-
fectamine according to the manufacturer’s instructions (Gibco/BRL,
Rockville, CA, USA). Eighteen hours post-transfection, cells were
heat-shocked and recovered at normal culture conditions for 12 h prior
to determination of luciferase activity.
2.6. mRNA stability assay
HeLa cells heat shocked at 42 C for 30 min were returned to 37 C
and incubated for 1 h. Actinomycin D (5 lg/mL) was then added to
block RNA synthesis. Total RNA was extracted from the cells at 0-,
1-, 3-, and 6-h intervals after addition of actinomycin D, and subjected
to Northern blot analysis.
2.7. Construction of reporter-TSP1 3 0-UTR plasmids
The human TSP1 plasmid (pBlueScript-TSP1) was kindly provided
by Dr. W.A. Frazier (Washington University, School of Medicine)
and contained the 5 0-UTR coding region and 3 0-UTR of TSP1 (Gene-
Banke Accession No. NM_003246). The pCR3.1-GFP plasmid
expressing GFP was constructed as previously described [9]. To gener-
ate a plasmid containing full-length TSP1 3 0-UTR, the complete region
(2099 base pair) of TSP1 3 0-UTR was ampliﬁed using PCR with a for-
ward primer: 5 0-TCATCAAATTGTTGATTGAAAG-3 0 and a reverse
primer: 5 0-TTATAAATATAAATTTCCATATGATTTATTG-3 0
using pBueScript-TSP1 as a template. The ampliﬁed full-length 3 0-
UTR was cloned into the pCR3.1-GFP plasmid, designated FL2099.
Regarding the four serial-deletion constructs of GFP-TSP1 3 0-UTRs,
the identical forward primer used for the full-length TSP1 3 0-UTR
and reverse primers were: 5 0-TCTAGTGAGTCCTCCCTTCT-3 0 for
D396–2099, 5 0-TTAGAAAACTCCATGATAATTC-3 0 for D968–
2099, 5 0-ACTGATTTTCCTTGTGCTGTTC-30 for D1258–2099, and
5 0-CAATTGAGTGTGCAAACATTAT-3 0 for D1878–2099. For three
internal-deletion constructs D396–968, D968–1258, and D1258–1878,
PCR was also performed with forward primers: 5 0-TTCTCTCT-
TTTGGAATGTAGAT-3 0 for D396–968; 5 0-CTAATAAGCTGCTC-
TGCC-3 0 for D968–1258; 5 0-AAGAATTGTTGGTTTTTTCTT-3 0
for D1258–1878. The reverse primer and template were the same as
those used for construct FL2099. Each of the PCR products were sub-
cloned to D396–2099, D968–2099, and D1258–2099 constructs, respec-
tively, to delete sequences ranging from 396 to 968, 968 to 1258, and
from 1258 to 1878.
2.8. Measurement of GFP or chimeric GFP-TSP1 3 0-UTRs mRNA
levels
HeLa cells were cultured on a 35-mm culture dish for 24 h and tran-
siently transfected with 2 lg of GFP or chimeric GFP-TSP1 3 0-UTRs
constructs using Lipofectamine according to the manufacturer’s
instructions (Gibco/BRL). Eighteen hours after transfection, cells were
heat-shocked and recovered under normal culture conditions. Follow-
ing incubation at 37 C for 3 h, Northern blot analysis was performed
using a GFP cDNA probe. To study the eﬀect of full-length TSP1 3 0-
UTR on GFP mRNA turnover, HeLa cells transfected with either
pCR3.1-GFP or FL2099 construct were chased with actinomycin D
as described above.Fig. 1. Heat shock induces TSP1 expression in HeLa cells. Cells were
heat-shocked at 42 C for 30 min, returned to 37 C and harvested at
the times indicated. (A) Northern blot analysis of TSP1 mRNA. (B)
Western blot analysis of TSP1 or HSP70. Immunoblot was re-probed
with tubulin antibody. Representative Northern blot and Western blot
from four independent experiments.2.9. Statistical analysis
Intensities of blots were scanned and quantiﬁed using Scion Imaging
software (Scion Corporation, MD, USA). Data were expressed as the
means ± S.D. Statistical analysis was performed using the Student’s t
test. A P-value, with P < 0.05 was accepted as statistically signiﬁcant.3. Results
3.1. Eﬀect of heat shock on TSP1 expression
Heat shock induced both TSP1 mRNA and protein expres-
sion in a time-dependent fashion in HeLa cells (Fig. 1A and B).
The time-course induction of TSP1 mRNA correlated well
with that of its protein. In other cell types, Hep3B, SK-
HEP1, and NIH3T3, heat shock also induced TSP1 mRNA
(data not shown). To verify the heat shock response in this
experiment, the expression of heat shock protein 70 (HSP70)
was examined. HSP70 was remarkably induced by heat shock
and the pattern of increase in HSP70 protein was similar to
that seen with TSP1 protein expression under the same stress
conditions (Fig. 1B).
3.2. Eﬀect of heat shock on the transcriptional regulation of
TSP1 expression
To investigate whether heat shock increases TSP1 mRNA
through transcriptional activation, the promoter activity
induced by heat shock was measured. Luciferase activities were
not signiﬁcantly enhanced by heat shock in any constructs
investigated in our study (Fig. 2A). To conﬁrm whether the
results observed in promoter assays corresponded with the reg-
ulation pattern of endogenous TSP1 gene expression, we per-
formed several nuclear run-oﬀ assays. However, no
signiﬁcant diﬀerences in the rate of TSP1 transcription between
untreated and heat shock-treated cells were observed, whereas,
the transcriptional rate of HSP70 as a positive control
increased approximately 4-fold in heat shock-treated cells
(Fig. 2B).
3.3. Eﬀect of heat shock on TSP1 mRNA stability
To investigate the involvement of mRNA stability in the
heat shock-induced increase in TSP1 expression, we evaluated
the eﬀect of heat shock on the half-life of TSP1 mRNA using
Fig. 2. Transcriptional regulation is not involved in heat shock-
induction of TSP1 expression. (A) Analysis of TSP1 promoter activity
in HeLa cells. Promoter activities were normalized to the activities of
b-galactosidase. (B) Nuclear run-oﬀ assay. Probes used were 2 lg of
each complete TSP1, GAPDH, HSP70 cDNA and empty vector
pBlueScript. Signal intensity was normalized to GAPDH. Data were
plotted as the means ± S.D. from four independent experiments in the
promoter assay and three independent experiments in the nuclear run-
oﬀ assay. *P < 0.01 vs. untreated control.
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cells. The results showed that, in both cells, the half-life of
TSP1 mRNA was prolonged from approximately 3 h in un-
treated cells to greater than 6 h in heat shock-treated cells
(Fig. 3A and B). However, information regarding the mecha-
nisms regulating TSP1 mRNA stability remains largely un-
known. Based on previous studies, which have shown that
the 3 0-UTR sequences of many transcripts function as potentdestabilizing or stabilizing elements [10–12], we generated a
chimeric reporter gene in which full-length TSP1 3 0-UTR
was fused to the area immediately downstream of the GFP
reporter gene and the eﬀect of the TSP1 3 0-UTR on the turn-
over rate of reporter mRNA was evaluated using actinomycin
D. The results showed that heat shock did not aﬀect the decay
rate of pCR3.1-GFP mRNA compared to the untreated con-
trol, whereas the half-life of the chimeric reporter mRNA
(FL2099) was prolonged by approximately 1 h in untreated
cells to greater than 6 h in heat shock-treated cells (Fig. 3C
and D).
3.4. Identiﬁcation of the putative sequences of TSP1 3 0-UTR
responsive to heat shock
The results in Fig. 3 indicate that speciﬁc sequences within
TSP1 3 0-UTR play an important role in the control of mRNA
stability. Therefore, to identify the putative region responsible
for heat shock-induced TSP1 mRNA stabilization, we created
a set of chimeric constructs containing various portions of
TSP1 3 0-UTR (Fig. 4). In the untreated state, all constructs
containing any portion of 3 0-UTR signiﬁcantly reduced the
expression of the reporter genes compared to the vector,
pCR3.1-GFP (Fig. 5A and C, upper bands of untreated con-
trols). Subsequently, we determined the eﬀect of heat shock
on the mRNA level of each construct. As shown in Fig. 5B
and upper bands of C, heat shock increased reporter mRNA
levels approximately 1.6-fold in the case of D1258–2099,
D1878–2099, and FL2099 compared to the untreated self-con-
struct, whereas in the case of D396–2099 and D968–2099, reporter
mRNAs appeared similar to the heat shock-unresponsive level
of the pCR3.1-GFP construct. These results suggest that the
region between 965 and 1258 contains the putative sequence
involved in heat shock-mediated stabilization. Northern blot
analysis showed the same size lower smear bands, without
any correlation to the fused 3 0-UTR length (Fig. 5C, arrow).
Considering their band intensities, the responsiveness of the
lower bands to heat shock were also similar to the upper
bands, therefore, the smaller sized bands might be derived
from partially degraded mRNAs of TSP1 3 0-UTR constructs
or incomplete transcription. Finally, to further analyze the re-
gion from 968 to 1258, we generated another three deletion
constructs, D396–968, D968–1258, and D1258–1878 (Fig. 4)
and investigated the involvement of three deleted regions in
the stabilization of reporter mRNA. In constructs D396–968
and D1258–1878, heat shock increased the GFP reporter
mRNA level 3- and 2.5-fold, respectively, whereas in the case
of construct D968–1258, heat shock slightly increased reporter
mRNA levels 1.4-fold (Fig. 6).4. Discussion
This study excluded the involvement of transcriptional regu-
lation in the heat shock-mediated increase in TSP-1 gene
expression for the following reasons. Firstly, promoter analysis
revealed that no diﬀerences were found in the activities of each
construct from heat shock-treated cells. Secondly, heat shock
treatment demonstrated no eﬀect on the transcriptional rate
of the endogenous TSP-1 gene in the nuclear run-oﬀ assay.
Regarding the half-life determination assay, heat shock en-
hanced endogenous TSP1 mRNA stability and increased its
half-life in both HeLa and NIH3T3 cells. Moreover, the addi-
Fig. 3. Heat shock stabilizes TSP1 transcripts possibly through 3 0-UTR. The half-life determination of endogeneous TSP1 mRNA of HeLa cells (A)
and NIH3T3 cells (B), respectively. The eﬀect of full-length TSP1-3 0-UTR on the half-life of GFP mRNA by heat shock was studied using HeLa cells
transfected with pCR3.1-GFP (C) or FL2099 construct (D). Cells were heat-shocked at 42 C for 30 min, incubated at 37 C for 1 h and then treated
with 5 lg/mL actinomycin D. Total RNA was isolated at the indicated times and the mRNA levels were examined using Northern blot analysis.
TSP1 and GFP mRNAs were normalized against GAPDH. Signal intensity at time 0 was deﬁned as 100%. Data were plotted as the means ± S.D.
from three independent experiments.
Fig. 4. Schematic representation of deletion constructs of TSP1 3 0-UTR.
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Fig. 5. The 3 0-UTR of TSP1 mRNA contains a putative sequence responsive to heat shock. HeLa cells were transiently transfected with the
constructs containing various lengths of TSP1 3 0-UTR or the vector alone and treated with or without heat shock. (A) Relative mRNA levels of GFP
and chimeric GFP-TSP1 3 0-UTR constructs to pCR3.1-GFP in untreated condition. *P < 0.05 vs. pCR3.1-GFP. (B) Relative mRNA levels of GFP
and chimeric GFP-TSP1 3 0-UTR constructs to untreated self-constructs under heat shock-treated condition. *P < 0.05 vs. untreated self-constructs.
(C) Representative result of Northern blot data. Data were plotted as the means ± S.D. from three independent experiments. Un, untreated; HS, heat
shock.
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enhancement of the half-life of the chimeric GFP transcript,
whereas heat shock did not aﬀect the half-life from the
pGR3.1-GFP construct without TSP1 3 0-UTR. Since the
activity of the cytomegarovirus (CMV) promoter used in our
reporter gene study was not regulated by heat shock
(Fig. 3C), the change in the mRNA level of the reporter gene
could be a direct result of the presence of TSP1 3 0-UTR. These
observations suggest that a post-transcriptional event such as
mRNA stability plays a role in the heat shock-mediated induc-
tion of TSP1 expression through putative sequences within
TSP1 3 0-UTR.
Several sequence motifs in the 3 0-UTRs of mRNAs have
been identiﬁed, which inﬂuence mRNA stability [10–12].
Among these, the best characterized are the AU-rich element
(ARE) [12], in which an AU-pentamer (AUUUA) or nonamer(UUAUUUAUU) motif often occurs. These motifs mediate
rapid degradation of mRNAs. In contrast, many ARE-con-
taining mRNAs are also stabilized under appropriate stimuli
[13,14], which is accomplished via the interaction of cis-acting
elements with trans-acting factors. TSP1 3 0-UTR contains fea-
tures resembling AREs, including the high prevalence of A and
U residues (63.3%), seven AUUUA motifs (at 1019, 1171,
1214, 1802, 1811, 2085, and 2092), one UUAUUUAUU motif
(at 1143), and one 36-base long U-rich region (from 1896 to
1932). The U-rich region has previously been shown to control
mRNA stability in c-fos mRNA [15]. In the present study, con-
structs containing portions of TSP1 3 0-UTR as well as the
full-length 3 0-UTR, always reduced reporter expression in un-
treated conditions compared to constructs containing only the
coding region of GFP, irrespective of the existence of AUUUA
and UUAUUUAUU motifs. In particular, the AUUUA
Fig. 6. Deletion of the region between 968 and 1258 within TSP1 3 0-
UTR attenuates the stabilizing eﬀect of heat shock. HeLa cells were
transiently transfected with D396–968, D968–1258, or D1258–1878
constructs and treated with or without heat shock. Relative mRNA
levels of the chimeric reporters to untreated self-constructs under heat
shock-treated condition. Data were plotted as the means ± S.D. from
three independent experiments. *P < 0.05 vs. D396–968 or D1258–
1878.
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FL2099 remarkably reduced reporter expression levels to be-
low 62%, compared to constructs without AUUUA motifs.
This observation appears to be consistent with the role of
the AUUUA motif in destabilization of mRNAs. However,
constructs D369–2099 and D968–2099 also caused a signiﬁcant
decrease in reporter expression by 50% and 30%, respectively,
indicating the presence of other determinants involved in the
control of TSP1 mRNA stability.
In general, the heat shock response is known to regulate heat
shock protein (HSPs) expression at the level of transcription
via the binding of HSF to speciﬁc promoter elements of heat
shock-inducible genes [16]. Post-transcriptional mechanisms
also play an important role in the heat shock response. For
example, the 3 0-UTR of human HSP70 mRNAs was involved
in the stabilization of the HSP 70 transcript during heat shock
[17]. In the present study, the region between 968 and 1258 was
largely involved as the potential sequence in the regulation of
GFP reporter gene expression by heat shock. The eﬀect was
further conﬁrmed using the construct devoid of this region.
Since this region contains three AUUUA motifs and one
UUAUUUAUU motif, the destabilizing function of these mo-
tifs may be inhibited through the interaction with ARE bind-
ing proteins. In fact, the ARE-binding protein, AUF1, was
shown to regulate the heat shock-mediated ARE-containing
mRNA stability [18]. Furthermore, it is widely accepted that
AUF1 is an eﬀector of mRNA decay [18,19]. For example,
during the heat shock response, AUF1 was sequestered by
HSP70 in the nucleus and subsequently degraded by the ubiq-
uitin-proteasome pathway, thereby facilitating the stabiliza-
tion of ARE-containing mRNA [18]. It is therefore
conceivable, that this region may be the target of AUF1 to reg-
ulate TSP-1 gene expression in response to heat shock.
In summary, we have shown that heat shock increased
TSP-1 gene expression through mRNA stabilization, and
have identiﬁed a putative region involved in the increase of
TSP-1 mRNA. The identiﬁed region is located between 968
and 1258 at the stop codon in the 3 0-UTR region of TSP-1
mRNA. Considering TSP-1 has an inhibitory role in angio-
genesis, understanding the molecular mechanisms surround-ing TSP-1 gene expression by heat shock is physiologically
important since heat shock treatment is currently used as
an adjunct with the aim of improving the results of conven-
tional strategies in cancer therapies including radiotherapy
and chemotherapy.
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